Rationale Cannabinoids have been shown to alter time perception, but existing literature has several limitations. Few studies have included both time estimation and production tasks, few control for subvocal counting, most had small sample sizes, some did not record subjects' cannabis use, many tested only one dose, and used either oral or inhaled administration of Δ 9 -tetrahydrocannabinol (THC), leading to variable pharmacokinetics, and some used whole-plant cannabis containing cannabinoids other than THC. Our study attempted to address these limitations. Objectives This study aims to characterize the acute effects of THC and frequent cannabis use on seconds-range time perception. THC was hypothesized to produce transient, dose-related time overestimation and underproduction.
Introduction
Cannabis, the most widely used illicit substance worldwide (Office of Applied Studies 2006; Office of National Drug Control Policy 2008), contains more than 70 different cannabinoids, and produces an array of central effects through its principal active constituent Δ 9 -tetrahydrocannabinol (THC), which activates brain cannabinoid receptors (CB 1 receptors). One such effect, consistently reported, is alteration in seconds-to-minutes-range time perception (interval timing, or the capacity to monitor and store durations) (Tart 1970) .
The capacity to time and plan the temporal order of behavioral events is an essential cognitive precursor to successful behavioral adaptation (Meck and Benson 2002) , and the disruption of temporal processing can affect many cognitive and motor processes. Distinct networks and processes appear to handle temporal processing over different time scales (milliseconds, seconds, minutes, and longer) (Buonomano 2007) . Alterations in time perception can be caused by drugs, disease, perceptual modality, and context (reviewed in Coull et al. 2011b ). Many human behaviors rely on temporal judgments in the seconds-to-minutes range-for example, deciding when to cross the street based on perceptions of approaching traffic, following a beat in a musical composition, or returning to the stove just prior to the tea kettle whistling. In fact, most everyday decisions we make are based on anticipated duration and the experienced passage of time (Wittmann and Paulus 2008) . Disruptions in time perception could therefore have far-reaching functional implications.
Cannabis users frequently report a subjective slowing of time in the minutes range when acutely intoxicated (Tinklenberg et al. 1972; Hicks et al. 1984; Mathew et al. 1998; McDonald et al. 2003) . These subjective effects have been investigated using performance-based measures such as time estimation tasks (in which subjects estimate time between two cues) and time production tasks (in which subjects generate predetermined time intervals). Congruent with the reported subjective slowing of time under the influence of cannabis, individuals given cannabinoids consistently overestimate duration in time estimation tasks (Weil et al. 1968; Clark et al. 1970; Jones and Stone 1970; PerezReyes et al. 1991; Lieving et al. 2006 ) and underproduce durations in time production tasks (Meyer et al. 1971; Cappell et al. 1972; Tinklenberg et al. 1976 Tinklenberg et al. , 1972 Carlini et al. 1974; Vachon et al. 1974; Hicks et al. 1984; Perez-Reyes et al. 1991; Dougherty et al. 1994; McDonald et al. 2003; O'Leary et al. 2003; Stone et al. 2010 ) over a range of 2 s to 3 min. Consequently, cannabis smokers' perception that external time is passing more slowly is consistent with internal, subjective time passing more quickly.
Several preclinical studies have investigated the effects of cannabinoids on time perception. In rats, the brain CB 1 receptor agonists THC and WIN-55,212 cause time underproduction (McClure and McMillan 1997; Han and Robinson 2001) ; in primates, THC given both orally and IV causes time overestimation and underproduction (Conrad et al. 1972; Schulze et al. 1988) . Conversely, the CB 1 receptor antagonist rimonabant causes time overproduction in rats (Han and Robinson 2001) . Preclinical findings are thus consistent with clinical studies and support an interpretation of increased clock speed from THC.
The clinical literature on cannabinoid effects on temporal discrimination has a number of limitations. First, few studies have included both time estimation and production tasks (Jones and Stone 1970; Perez-Reyes et al. 1991) . Second, sample sizes of most studies are small. Third, some studies included subjects who smoked cannabis regularly (Morrow 1944; Weil et al. 1968; Jones and Stone 1970; Meyer et al. 1971; Dornbush and Kokkevi 1976; Heishman et al. 1997; O'Leary et al. 2003) potentially confounding results because of CB 1 receptor downregulation and tolerance (Villares 2007; Hirvonen et al. 2012) , while others did not record or report subjects' cannabis exposure (Cappell et al. 1972; Dornbush et al. 1971; Karniol et al. 1975; Hicks et al. 1984; Perez-Reyes et al. 1991; McDonald et al. 2003; Stone et al. 2010) . Fourth, despite well-known nonlinear and biphasic effects of cannabinoids, many studies tested only one dose (Clark et al. 1970; Jones and Stone 1970; Tinklenberg et al. 1972 Tinklenberg et al. , 1976 Vachon et al. 1974; Hicks et al. 1984; Perez-Reyes et al. 1991; Chait and Burke 1994; Heishman et al. 1997; O'Leary et al. 2003; Stone et al. 2010) . Fifth, both oral and inhaled routes of administration of THC have wide inter-and intraindividual variability in pharmacokinetics (Azorlosa et al. 1992 (Azorlosa et al. , 1995 Grotenhermen 2003) . Some studies used the oral route of administration (Clark et al. 1970; Jones and Stone 1970; Tinklenberg et al. 1972 Tinklenberg et al. , 1976 de Souza et al. 1974; McDonald et al. 2003) ; unfortunately oral administration is associated with a slow onset of effects, produces lower peak plasma levels, and prolongs the action of the THC compared with the inhaled or IV route (Lemberger et al. 1971; Ohlsson et al. 1980) . Others used smoked THC (Weil et al. 1968; Jones and Stone 1970; Meyer et al. 1971; Cappell et al. 1972; Carlini et al. 1974; Vachon et al. 1974; Dornbush and Kokkevi 1976; Hicks et al. 1984; Perez-Reyes et al. 1991; Chait and Burke 1994; Dougherty et al. 1994; Heishman et al. 1997; O'Leary et al. 2003; Lieving et al. 2006) , which is also associated with significant inter-and intra-individual variability in plasma levels of THC, which confounds within-subject studies (Azorlosa et al. 1992 (Azorlosa et al. , 1995 . Sixth, some studies used whole-plant cannabis (Weil et al. 1968; Clark et al. 1970; Jones and Stone 1970; Meyer et al. 1971; Cappell et al. 1972; Carlini et al. 1974; Perez-Reyes et al. 1991; Chait and Burke 1994; Dougherty et al. 1994; Heishman et al. 1997; O'Leary et al. 2003) , others used just THC (Tinklenberg et al. 1972 (Tinklenberg et al. , 1976 Vachon et al. 1974; Hicks et al. 1984; McDonald et al. 2003; Lieving et al. 2006; Stone et al. 2010) , and two used another cannabinoid altogether, Δ 8 -THC (Karniol and Carlini 1973; de Souza et al. 1974) . Finally, only a minority of studies employ techniques to prevent subvocal counting (Weil et al. 1968; Clark et al. 1970; McDonald et al. 2003) , which can increase accuracy and decrease coefficient of variation in time tasks (Wearden and Lejeune 2008) , and some investigators even encouraged it (Tinklenberg et al. 1972; Hicks et al. 1984) .
The current study attempted to address some of these limitations by administering THC intravenously in a range of doses and then measuring both time estimation and time production over the seconds range. We hypothesized that THC administration would produce transient, dose-related time overestimation and underproduction, but because repeated exposure to cannabis is associated with the development of tolerance to cannabis' effects, that frequent cannabis smokers would show the opposite-baseline underestimation and overproduction when sober, with reduced or eliminated THC-induced effects.
Method
Time perception data were collected over 2 years during the course of five THC administration studies that had identical methodologies but posed different questions. The studies were double blind, randomized, counterbalanced, and placebo controlled and included 44 subjects with a range of cannabis exposure ( Table 1 in the Electronic supplementary material). The studies were pooled for analysis using methods described previously (Ranganathan et al. 2009 ); none of these data have yet been published. Within each study, subjects completed a placebo test day and either one or two active THC test days. A small number of subjects (fewer than 10 %) participated in more than one study. All studies were conducted at the Neurobiological Studies Unit (NSU, VA Connecticut Healthcare System, West Haven, CT) under IND 51,671 with the approval of the IRBs of both the Yale University School of Medicine (Human Investigation Committee) and the VA Connecticut Healthcare System (Human Subjects Subcommittee) and have therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Subjects
Subjects were recruited by advertisements and by word of mouth and were paid for their participation. Screening procedures are described in detail elsewhere (D'Souza et al. 2004a) . After obtaining written informed consent, subjects (18 to 35 years old) underwent a structured psychiatric interview (First et al. 2007 ) and were excluded if they had any DSM Axis I lifetime psychiatric or substance use disorder (excluding cannabis use) or family history of psychosis. Cigarette smokers were included only if they could abstain from smoking for the entire test session (∼8 h). Also excluded were subjects with a history of counseling (other than for a life circumstance disorder), any recent significant psychosocial stressor, or no previous use of cannabis. All subjects were asked to estimate their lifetime cannabis exposure, heaviest use, and last exposure to cannabis. Past-month cannabis use was quantified using a timeline follow-back approach. Subjects who were cannabis naïve were excluded for ethical reasons. Collateral information was gathered from a telephone interview with a spouse or family member. Subjects received a physical and neurological examination, EKG and laboratory tests (serum electrolytes, liver function tests, and complete blood count with differential and urine toxicology). Subjects were instructed to refrain from alcohol, illicit drugs (other than cannabis), or prescription drugs not approved by the research team for at least 1 week before the study and throughout study participation; those who had not used cannabis in the month prior to screening and who self-identified as infrequent/nonsmokers of cannabis were required to have a negative urine toxicology at screening. Unfortunately, there is no conclusive way to objectively verify abstinence from cannabis for the previous 24 h, because THC has metabolites that can last for a week or more beyond last use, so 24-h abstinence from cannabis was determined by self-report. A number of reports suggest a strong concordance between urine toxicology and self-reported drug use (Martin et al. 1988; Ball et al. 1994; Carpenter et al. 2009 ), suggesting that self-report of drug use is accurate when elicited in a nonjudgmental fashion in a research setting. Drugs THC doses in the five studies ranged from 0.015 to 0.05 mg/kg, and for the purpose of analysis were categorized into four groups: placebo (0 mg/kg), low (0.01 to 0.02 mg/kg), medium (0.03 to 0.04 mg/kg), and high dose (0.05 mg/kg). THC was administered IV via automated infusion pump in order to reduce inter-and intraindividual variability in plasma THC levels and to mimic the time course of plasma THC levels associated with subjective "high" (Ohlsson et al. 1980; Lindgren et al. 1981; Agurell et al. 1986 ). All doses were given in counterbalanced order between test days.
Test days
Test days were spaced at least 3 days apart in order to minimize carryover effects (Wall et al. 1976) . Subjects fasted overnight and reported to the test facility around 8 a.m. Safety procedures are described elsewhere . During the study, subjects were monitored by the research nurse, research assistant, and psychiatrist in order to assess changes in physical or mental state and to provide support in case of distress. Exogenous cues to the passage of time were removed from the environment.
Timing tasks
Two outcome measures were utilized; a time estimation task and a time production task, both over the range of seconds (Time Estimation 2.0, © 2001 Brainmetric Software). The time estimation task (TET) consisted of three sessions of five trials, each ranging from 5 to 30 s. Prior to study initiation, 15 trial durations were generated randomly and grouped into three fixed-order sessions: sessions 1 (9, 30, 19, 14, and 7 s), 2 (5, 21, 26, 20, and 17 s), and 3 (23, 24, 13, 13, and 21 s). Each subject then received one session at baseline, one at peak drug effect, and (in some studies) one after the drug had worn off, in a randomized and counterbalanced way, but-in order to minimize practice effectsnever the same session twice on a given day. Each trial began with the computer screen flashing once. The subject then had to count the number of "B"s appearing amongst random letters appearing sequentially at random places on the computer screen, which served as a distractor and prevented subjects from counting to themselves. The screen then flashed a second time, at which point the subject had to indicate both how many "B"s had appeared and how much time had elapsed. The time production task (TPT) used the same software and a similar methodology, except that the subject was instructed to hold down a mouse button for a defined period of seconds, intervals again predetermined, counterbalanced, and randomly ranging from 5 to 30 s. On each test day, timing tasks were presented before drug administration, at peak drug effect (∼25 min after the completion of drug administration), and a third time after most effects of THC were expected to have worn off (∼240 min).
Data analysis
Data were analyzed using SAS, version 9.2 (SAS Institute, Cary, NC). The primary outcome measure was time perception: the ratio of estimated time to actual time for the TET and the ratio of produced time to actual time for the TPT. Each outcome was tested for normality using KolmogorovSmirnov test statistics and normal probability plots. Time perception was then analyzed using linear mixed models that included dose (placebo, low, medium, and high) and study-day time (baseline, peak, and post) as withinsubjects effects and random subject effects. The bestfitting variance-covariance structure was determined using information criteria. Significant interactions between dose and study-day time were interpreted using appropriate post hoc tests and graphical displays. The subjects were then categorized into "frequent" or "infrequent/nonsmokers" based on current use of cannabis. Those who had used cannabis eight or more times in the past month (i.e., more than twice weekly) were categorized as "frequent smokers," and those who used cannabis less than twice per week or not at all in the previous month were categorized as "infrequent/nonsmokers." This dichotomy was chosen based on data from our laboratory that have indicated that detectable tolerance to cognitive and physiological effects of THC starts to appear when subjects use cannabis more than twice a week but not when they use less. Our presumption therefore was that tolerance to the time-perception altering effects of cannabis would manifest at the same level (D'Souza et al. 2008b; Ranganathan et al. 2009 ). Background characteristics were compared between frequent smokers and infrequent/nonsmokers using t tests or Chi-square/Fisher's tests as appropriate, and the above analyses repeated for each group. Finally, effect sizes for repeated measures ANOVA were calculated as Cohen's d, for which effect sizes are classified as small (0.2 to 0.5), medium (0.5 to 0.7), or large (>0.7) (Cohen 1973) .
Results
Information on demographics and cannabis use are presented in Table 1 . Most subjects were men in their early 20s. There were no statistically significant differences between groups in sex, education, weight, height, cigarette smoking, intelligence, race, or handedness; however, infrequent/nonsmokers were slightly older than frequent smokers. THC produced physiological, cognitive, and subjective effects consistent with previous reports (D 'Souza et al. 2004 'Souza et al. , 2008a 'Souza et al. , b, 2012 Ranganathan et al. 2009 Ranganathan et al. , 2012 Carbuto et al. 2012 ). Physiological and subjective data are not presented here; nor are cognitive tasks other than time perception and reaction time; the latter was negligibly affected by THC dose.
Time estimation task
On the TET, there was a significant main effect of time (F 2, 197 012.37; p<0.0001) and a dose-by-time interaction (F 6, 197 02.92; p00.009) but no main effect of dose (F 3, 197 0 1.07; p00.36). There was an overall time effect at low (F 2, 197 04.02; p<0.02), medium (F 2, 197 04.78; p<0.01), and high (F 2, 197 07.05; p00.001) doses but not for placebo (F 2, 197 00.21; p00.81). There was a significantly increased overestimation relative to placebo from high-dose THC at peak effects (F 1, 197 08.56; p00.004; Fig. 1a When data were reanalyzed separately for each trial length, linear regression of estimated time to true time versus trial length was nonsignificant for both placebo (p0 0.41) and THC (p00.15). Linear regression of produced time to true time versus trial length was also nonsignificant for both placebo (p00.30) and THC (p00.32; one-tailed significance calculations).
Time production task
The combined analysis revealed main effects of dose (F 3, 198 03.93; p<0.01) and time (F 2, 198 06.94; p00.001) as well as a significant dose-by-time interaction (F 6, 198 03.91; p0 0.001). There was an overall time effect for low-(F 2, 198 0 5.43; p 00.005) and high-dose (F 2, 198 06.17; p <0.003) THC but not placebo (F 2, 198 01.36; p00.26) or medium (F 2, 198 01.54, p00.22) doses. Compared with placebo, significantly increased underproduction resulted from both medium (F 1, 198 04.86; p00.03) and high (F 1, 198 010.2; p0 0.002) THC doses at peak effects ( Fig. 1c, d ; Table 3 ). Effect sizes were small to medium for the comparison of placebo to low (d00.29), medium (d00.36), and high dose (d00.45). An analysis restricted to infrequent/nonsmokers revealed a main effect of time (F 2, 150 07.53; p<0.001) but not dose (F 3, 150 02.31; p00.08), and a significant dose-bytime interaction (F 6, 150 04.22; p00.0006) that resulted from underproduction at low (F 1, 150 04.09; p<0.05), medium (F 1, 150 04.43; p00.03), and high (F 1, 150 05.47; p00.02) THC doses relative to placebo at peak effects. There was an overall time effect at both low (F 2, 150 07.27; p00.001) and high (F 2, 150 05.65; p00.004) doses but not in placebo (F 2, 150 01.33; p 00.27) or medium (F 2, 150 01.53; p 00.22) doses. The analysis restricted to frequent cannabis users showed no main effects of dose (F 3, 25 02.06; p00.13) or time (F 2, 12 00.27; p00.77) nor any interaction between dose and time (F 6, 25 00.37; p00.89). Fig. 1 Time estimation and production by THC dose for all subjects, frequent cannabis smokers, and infrequent/nonsmokers. Bars represent the change in the ratio of reported time between baseline (before drug or placebo administration) and peak drug effect, in other words (true baseline × estimated peak )/(true peak ×estimated baseline ). If the same trial durations had been given at both peak and baseline (which they were not), this would simplify to estimated peak /estimated baseline . The same calculation holds for time production. This is a simple within-group comparison, as opposed to the linear mixed model depicted in Tables 2 and 3 Discussion At baseline, before any drug was administered, subjects tended to overestimate time (by 16 %) and underproduce (by 9 %), a phenomenon that did not differ between frequent smokers and infrequent/nonsmokers. In most previous reports, investigators have not calculated or reported baseline inaccuracy in time perception, but those who have report results of similar magnitude-baseline overestimation of 7 (Clark et al. 1970) , 33 (Bech et al. 1973) , 35 (Menhiratta et al. 1978) , and 15 % (Menhiratta et al. 1978) with baseline underproduction of 49 % (Stone et al. 2010 ).
Other investigators report the opposite-baseline underestimation of 15 % (Menhiratta et al. 1978 ) and overproduction of 17 (Tinklenberg et al. 1972 ), 10 (Vachon et al. 1974 , and 10 to 30 % (Hicks et al. 1984) . The reason for this disparity is unclear, and clearly because of factors not controlled for in these experiments. All doses of THC induced time overestimation and underproduction compared with placebo, consistent with a speeded internal clock (Gibbon et al. 1984) . Infrequent/nonsmokers showed temporal overestimation compared with placebo at medium and high doses and temporal underproduction at all doses; frequent users, however, showed no significant difference in temporal estimation between THC and placebo at any dose. Our results are therefore consistent with previous studies reporting that THC causes temporal overestimation and underproduction, with the additional finding that this effect appears to be blunted or eliminated in subjects who use cannabis two to three times a week or more.
Dose-response relationship
The absence of a dose-response relationship was surprising since several studies from our laboratory using similar methodologies have observed that the physiological, subjective, cognitive, and endocrine effects that THC produces in humans are dose related. The clinical literature on the effects of cannabinoids on time perception is contradictory, with some studies reporting dose-related effects, others failing to show such effects, some suggesting an inverted-U dose response, and others suggesting a loss of a dose-related effects at longer duration (Weil et al. 1968; Cappell et al. 1972; Bech et al. 1973; Borg et al. 1975; Dougherty et al. 1994; McDonald et al. 2003; Lieving et al. 2006) . Some preclinical studies also suggest lack of dose response with THC (Schulze et al. 1988; Han and Robinson 2001) . Thus, 
Previous exposure to cannabis
The lack of significant baseline differences between frequent smokers and infrequent/nonsmokers suggests that chronic cannabis exposure does not alter time perception over the seconds range, even though chronic exposure blunts the acute effects of THC on time perception. Three previous studies have examined time perception in chronic cannabis smokers over the minutes (rather than seconds) range and are contradictory: one found that daily bhang drinkers/ganja smokers in India overestimated a 2-min interval (Menhiratta et al. 1978) , another found that daily cannabis smokers underestimated a 3-min interval (Dornbush and Kokkevi 1976) , and the last found that daily cannabis smokers underproduced a 2-min interval, although this was significant only in trials where subjects were given performance feedback (Webb et al. 1993 ). This discrepancy may have been because the minutes length of the tasks used in these studies placed heavier demands on working memory than our seconds-length tasks, and thus were more apt to show impairment from chronic use; alternatively, the comparatively heavier cannabis use by subjects in these studies compared with ours (daily use compared with twice weekly in our subjects) may have led to greater sensitivity for chronic effects on time perception. Frequent cannabis smokers experienced less temporal distortion from THC than infrequent/nonsmokers. Although frequent smokers do not develop tolerance to the euphoria derived from smoking THC, they show blunted responses to THC's psychotomimetic, perceptual altering, amnestic, and endocrine effects, which has been interpreted as evidence of tolerance (Lichtman and Martin 2005; D'Souza et al. 2008a D'Souza et al. , b, 2012 Ranganathan et al. 2009 ), consistent with recent in vivo studies that have demonstrated CB 1 receptor downregulation associated with chronic cannabis use (Hirvonen et al. 2012) . Therefore, it is not unreasonable to suppose that tolerance also develops to the temporal effects of THC. Four previous studies enrolled both chronic and infrequent smokers. Two did not compare the groups (Morrow 1944; Weil et al. 1968) . One noted that casual smokers showed more pronounced effects on a TPT after smoking 0.9 % THC than heavy smokers, but the difference did not reach statistical significance, likely because of small sample size (Meyer et al. 1971) . The last study reported a greater effect on a TPT in chronic users than occasional users, but the difference did not reach statistical significance, and the TPTs used were millisecond range, a different timescale than that tested here (O'Leary et al. 2003) .
"State-dependent learning" is another possible explanation for blunted THC effects, as frequent smokers may have recalibrated their sense of duration based on frequent experiencing of cannabis' altered state of consciousness. This effect has been noted in rats, which ceased to show effects of altered clock speed from cocaine when it was given continuously for 2 weeks, presumably because the memories of durations that served as comparators to study durations became progressively updated to the new clock speed . However, this is unlikely to be the explanation in our subjects. For one thing, the frequent smokers were not chronic daily smokers but rather smoked twice a week or more, and thus spent far more time sober than they did in an altered state of consciousness such that they would relearn subjective duration lengths. For another, such state-dependent learning should cause a rebound in the opposite direction when not under the influence of the drug, yet baseline time estimation and production did not differ between groups according to frequency of smoking. Implications THC transiently impaired time estimation and production in the seconds range. Even the lowest dose range of THC, much less than that seen with recreational cannabis use, produced changes in time perception. The effects disappeared after a few hours. These temporal processing changes may or may not have functional consequences, which were not measured in this study. However, secondsrange temporal processing is relevant to many everyday tasks; for example, driving, playing music, and using power tools. Processes underlying time perception from milliseconds to minutes may be particularly relevant to cognition, as measures of temporal precision in humans correlate well with measures of general intelligence and working memory (Troche and Rammsayer 2009 ). Furthermore, timing deficits are characteristic of disorders such as schizophrenia, autism, and attention-deficit hyperactivity disorder (Meck 2005; Allman and Meck 2012) , suggesting that timing alterations may be an endophenotype of psychiatric disease.
Possible mechanism
A number of studies suggest two parallel timing systems to account for the full range of durations resolved by the theoretical "internal clock" (Madison 2001; Ivry and Schlerf 2008) . The first is a sensory, "bottom-up" mechanism for durations in the milliseconds range, which is considered important for motor coordination and computed by the cerebellum. The second is a more cognitively mediated "top-down" mechanism for durations in the seconds-to-minutes range, which is considered important for temporal estimation, computed by frontal-striatal circuits, and able to concatenate smaller intervals generated locally or by the cerebellum (Kagerer et al. 2002; Lewis and Miall 2003; Wittmann et al. 2007; Gutyrchik et al. 2010; Zélanti and Droit-Volet 2012) . This hypothesis is supported by neuroimaging studies that reveal cerebellar involvement for durations shorter than 1 to 2 s (Ivry and Spencer 2004) and thalamo-cortico-striatal and prefrontal involvement for longer durations (reviewed by Lewis and Miall 2006; Coull et al. 2011b) .
Neuroanatomically, the time scales measured in this study are most likely striatally mediated. Ninety-five percent of the neurons in the striatum are medium spiny projection neurons (Kelland et al. 1991 ). An estimated 10 to 30 thousand separate afferents project to each striatal spiny neuron from the cortex and thalamus . Three quarters are cortical and glutamatergic (Cowan and Wilson 1994) and almost always synapse onto the head of the spines of the striatal spiny neurons (Kemp and Powell 1971 ). An additional 9 % are dopaminergic, originate almost entirely in the substantia nigra, commonly co-localize with glutamatergic afferents, and synapse on either the spine head or neck (Freund et al. 1984) . A lateral inhibitory network of GABAergic and cholinergic inputs comes from neighboring striatal neurons (Kitai et al. 1976; Surmeier et al. 2007 ).
One neuroanatomical model of interval timing is the striatal beat frequency (SBF) model, which relies on cortical oscillatory neurons firing with different frequencies and converging onto striatal spiny neurons . At the beginning of an interval, phasic dopaminergic input from the ventral tegmental area synchronizes these oscillating neurons and dopaminergic input from the substantia nigra resets the spiny neurons. A pulse of dopamine marking the end of the interval strengthens (through long-term potentiation and long-term depression) the striatal synapses in the striatum that are activated at that moment as a result of the beat frequency pattern of these cortical neurons. These strengthened and weakened synaptic weights record the target duration. Later, neostriatal GABAergic spiny neurons compare the cortical neuron activation pattern stored in memory with the activation pattern in the moment, and fire if the patterns match, signaling that the target duration has been reached. In the SBF model, tonic dopamine-glutamate activity in the ventral tegmental area-to-cortex pathway modulates the frequency of cortical oscillations and thus clock speed.
Short-and long-term synaptic efficacy changes are also mediated by the cannabinoid system. Endocannabinoids act as retrograde messengers (Freund et al. 2003; Chevaleyre et al. 2006; Kano et al. 2009 ) at presynaptic CB 1 receptors in the corticostriatal pathway (Herkenham et al. 1991; Katona et al. 2006) . CB 1 receptor activation reduces both the release and uptake of glutamate in striatal slices, possibly by decreasing glutamate transporter activity, increasing synaptic cleft glutamate concentration, and activating presynaptic mGluRs, which then decrease glutamate release (Brown 2003) . Unlike many excitatory synapses in the brain that are potentiated by high-frequency afferent stimulation, striatal medium spiny neuron synapses undergo long-term depression from repeated activation of glutamatergic afferents in the presence of tonic levels of dopamine. This process requires dopamine D 2 receptor activation, high levels of intracellular calcium, and activation of presynaptic CB 1 receptors through retrograde release of endocannabinoids (Kheirbek 2007) , or in this case exogenous cannabinoids.
In this way, the "top-down" corticostriatal interval timing is optimized by phasic dopaminergic activity in corticostriatal circuits, modulated by glutamate activity (Cheng et al. 2006 (Cheng et al. , 2007 Williamson et al. 2008; Coull et al. 2011b) , which is in turn mediated by the cannabinoid system. A speeded "internal clock" from exogenous cannabinoids could therefore result from increased glutamate in the synaptic cleft of striatal spiny neurons, which increases the frequency of cortical oscillations and thus clock speed. Alternately, cannabinoids may have differential effects on medium spiny neurons in the direct pathway (which have an excitatory effect on the cortex) and the indirect pathway (which have inhibitory effects), the balance tending toward increased clock speed.
Converging preclinical evidence suggests interactions between cannabinoid and dopamine systems (reviewed in Gardner 2005; Laviolette and Grace 2006) . CB 1 and D 2 receptors show coexpression (Hermann et al. 2002) and convergence of signal transduction in several brain regions (Meschler and Howlett 2001) . THC activates dopaminergic mesolimbic neurons (French 1997; French et al. 1997; Gessa et al. 1998; Gardner 2005) and induces dopamine release in the striatum (Chen et al. 1990a, b; Tanda et al. 1997) . In vivo microdialysis studies show markedly increased dopamine release from the nucleus accumbens from cannabinoid receptor activation by systemic exogenous cannabinoids (Tanda et al. 1997; Fadda et al. 2006) or endocannabinoids (Solinas et al. 2006) . Similarly, systemically administered cannabinoids can modulate the activity of dopaminergic pathways in the prefrontal cortex either directly or indirectly, by influencing the activity of dopaminergic neurons through either pre-or postsynaptic mechanisms (Pistis et al. 2002; Egerton et al. 2006; Laviolette and Grace 2006a, b) . If the effects of cannabinoids on timing are mediated by their capacity to release dopamine in brain regions relevant to timing such as the striatum and prefrontal cortex, then one would expect a clock speed to increase, which is what we observed. In a previous study we showed that the D 2 antagonist haloperidol did not block the psychotomimetic effects of THC in healthy subjects (D'Souza et al. 2008a ) unfortunately, time tasks were not administered in that study.
Comparison to pharmacological and pathophysiological states
A number of other drugs with disparate mechanisms of action share in common the capacity to disrupt time perception in the suprasecond range. For example, benzodiazepines produce a pronounced impairment in temporal processing of seconds-range intervals while sparing millisecond-range interval processing (Rammsayer and Vogel 1992; Rammsayer 1999) . Time perception is also affected by the dopaminergic system. Reduced dopaminergic activity (as from antipsychotic drugs) results in temporal underestimation while increased dopaminergic activity (as from cocaine or methamphetamine) results in temporal overestimation (Meck and Church 1983; MacDonald and Meck 2005; Matell et al. 2006; Coull et al. 2011b ). The glutamate (NMDA) receptor antagonist ketamine also affects time perception in subtle ways (Pomarol-Clotet et al. 2006; Stone and Pilowsky 2006) , possibly related to disruption of temporal information manipulation in working memory (Coull et al. 2011a) . Ketamine facilitates the ability of cocaine to increase clock speed in rats despite their having received extended counter-training (Cheng et al. 2007 ). Thus, time perception is a complicated phenomenon affected by GABAergic, dopaminergic, and glutamatergic agents as well as cannabinoids.
Schizophrenia is a disorder characterized by core cognitive deficits including problems with the temporal coordination of information processing (Andreasen et al. 1999) . Several studies show that schizophrenia patients have reduced accuracy in temporal estimation over a range of milliseconds to seconds (Tysk 1983; Davalos et al. 2003; Carroll et al. 2009 ) and minutes to hours (Rabin 1957; Johnson and Petzel 1971) . However, since many of the patients were taking D 2 receptor antagonists known to alter time perception, interpretation of these results is difficult. The THC-induced alterations in time perception observed in this study adds to a list of psychotropic, cognitive, and psychophysiological effects induced by THC in healthy volunteers that resemble those seen in schizophrenia (D'Souza et al. 2004 Sewell et al. 2010 ).
Strengths and limitations
Strengths include IV administration that permitted precise control over THC dose and blood levels, a sample size larger than any previous study, a wide range of administered doses, and control for subvocal counting. Participants with a range of exposure to cannabis were included, permitting assessment of the effects of recent exposure to cannabis on time perception. Engagement of subjects in a distractor task prevented them from counting internally (which increases precision and decreases variance in a nonscalar way) or standardizing the attentional resources allocated to the task.
Limitations include the inability to distinguish between THC's effects on clock, memory, and decision stages of temporal discrimination, as well as THC's effects on memory and attention. In animals, three distinct stages in processing the duration of a signal in a temporal discrimination task have been described: the clock stage, in which objective time is transformed into subjective time; the memory stage, in which the clock reading is stored, and the decision stage, in which the clock reading is compared with memory of similar intervals and a decision is made whether the durations are similar enough (Meck 1983 (Meck , 1996 . These stages can be independently affected. Although we hypothesize that THC has increased clock speed, THC is also known to affect both episodic and working memory (Ranganathan and Souza 2006) . As the methodology of this study was not sufficient to disentangle the effects of THC on the clock stage from its effects on the decision or memory stages, future studies are warranted to dissociate THC effects on timing from its effects on memory and attention. Marijuana produces inconsistent effects on simple reaction time tests, with some studies reporting modest impairment and others showing no effect (Chait and Zacny 1992) ; reaction time did not appear to be a confound in our study.
The trial durations used (5 to 30 s) were not "trained" by the experimenter, but instead were inferred to have been learned by the subject based on real-life experience, potentially leading to increased between-subject variability. Use of a symbolic representation for duration (verbal labels) added further variability. Both could be avoided in future studies by training the subject to learn a set of specific stimulus durations against which other stimulus durations are compared (Paule et al. 1999) . The use of an active control such as ketamine or amphetamine would have strengthened the study, as would have the inclusion of everyday tasks in order to characterize the functional consequences of the time perception abnormalities. It is possible that the relative lack of effect in frequent users could be due to the small subject numbers in this group (n010) compared with the infrequent group (n034), which may have obscured otherwise significant results. Future studies to specifically examine this question should consider using daily smokers rather than merely frequent smokers in order to maximize tolerance and be powered appropriately.
Conclusions and future directions THC at a psychoactive dose causes time overestimation and underproduction. Chronic exposure to cannabis does not change time perception significantly. However, the effect of THC on time overestimation and underproduction was blunted in chronic cannabis smokers who also show tolerance to other cognitive, physiological, and endocrine effects of cannabinoids. Future studies are necessary to examine whether this effect, seen over the seconds range, also holds true over the millisecond and minute timescales, and to determine the contributions of attention and working memory on the timing effects of THC. Future studies using neuroimaging could help characterize the neural circuitry of the temporal processing abnormalities produced by cannabinoids.
